Background: Metabotropic glutamate receptors (mGluRs) are G-protein-coupled receptors that mediate neuronal excitability and synaptic plasticity in the central nervous system, and emerging evidence suggests a role of mGluRs in the biology of cancer. Previous studies showed that mGluR1 was a potential therapeutic target for the treatment of breast cancer and melanoma, but its role in human glioma has not been determined. Methods: In the present study, we investigated the effects of mGluR1 inhibition in human glioma U87 cells using specific targeted small interfering RNA (siRNA) or selective antagonists Riluzole and BAY36-7620. The anti-cancer effects of mGluR1 inhibition were measured by cell viability, lactate dehydrogenase (LDH) release, TUNEL staining, cell cycle assay, cell invasion and migration assays in vitro, and also examined in a U87 xenograft model in vivo. Results: Inhibition of mGluR1 significantly decreased the cell viability but increased the LDH release in a dosedependent fashion in U87 cells. These effects were accompanied with the induction of caspase-dependent apoptosis and G0/G1 cell cycle arrest. In addition, the results of Matrigel invasion and cell tracking assays showed that inhibition of mGluR1 apparently attenuated cell invasion and migration in U87 cells. All these anti-cancer effects were ablated by the mGluR1 agonist L-quisqualic acid. The results of western blot analysis showed that mGluR1 inhibition overtly decreased the phosphorylation of PI3K, Akt, mTOR and P70S6K, indicating the mitigated activation of PI3K/Akt/mTOR pathway. Moreover, the anti-tumor activity of mGluR1 inhibition in vivo was also demonstrated in a U87 xenograft glioma model in athymic nude mice. Conclusion: The remarkable efficiency of mGluR1 inhibition to induce cell death in U87 cells may find therapeutic application for the treatment of glioma patients.
Introduction
Gliomas are the most common malignant primary brain tumors in adults, and ranked among the most aggressive human cancers [1] . The World Health Organization (WHO) stratifies gliomas into four grades (I-IV), and the most common and aggressive subtype is glioblastoma (GBM), the grade IV astrocytoma [2] . The median survival of patients diagnosed with GBM is only 14.2 months, and the 5-year survival rate is only 4.7% owing to the inevitability of recurrence [3, 4] . In the past few decades, little progress has been made to treat this cancer with the exception of the addition of temozolomide (TMZ) to the standard of care, which increased the median survival of GBM patients by a mere 2 months [3] .
Glutamate is a major excitatory neurotransmitter that regulates cellular and synaptic activity and plasticity through interacting not only with the previously identified ionotropic glutamate-gated ion channels such as the N-methyl-D-aspartate receptors (NMDAR), R-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors (AMPAR), and kainic acid receptors (KAR), but also with the G protein-coupled metabotropic glutamate receptors (mGluRs) [5, 6] . mGluRs form a family of eight subtypes, mGluR1 to mGluR8, subdivided into three groups (group I, II and III) on the basis of their amino acid sequence, G-protein coupling and pharmacological profile. Activation of group I mGluRs, including mGluR1 and mGluR5, leads to the hydrolysis of phosphatidylinositol-4,5 -bisphosphate (InsP3) and diacylglycerol (DAG) [7, 8] . These receptors have been implicated in diverse neurological pathology, including brain trauma, cerebral ischemia, chronic central pain, amyotrophic lateral sclerosis (ALS), Fragile X syndrome as well as neurodegenerative diseases [9] [10] [11] [12] [13] .
In addition to the well-established role of glutamate receptors in neurological disorders and neuroprotection, evidence is emerging of a role for these receptors in cancer [14, 15] . It has been demonstrated that glutamate receptor subunits are expressed in a variety of cancer cell lines and tumors, such as gastric cancer, colorectal cancer, prostate cancer, squamous cell carcinoma and melanoma [16] . The expression of mGluR5 was shown to be associated with better survival of patients with oral squamous cell carcinoma [17] , while mGluR4 expression correlated with tumor severity, spreading and recurrence in medulloblastomas [18] . In addition, the impact of mGluR1 for tumor growth was highlighted by experiments showing that creation of a transgenic mouse unexpectedly resulted in a transgenic strain in which melanoma formation developed at high penetrance at a young age [19] . Ectopic expression of mGluR1 in normal melanocytes induced melanocyte hyperproliferation and transformation to malignant tumors [20] . However, the role of mGluR1 in regulating proliferation and progression of human gliomas has not been determined. In the present study, we described an anti-cancer effect of mGluR1 inhibition in human glioma U87 cells by using selective mGluR1 inhibitors as well as small interfering RNA (siRNA) mediated gene knockdown.
Materials and Methods

Cell culture
Human glioma U87 cells were obtained from the American Type Culture Collection (Rockville, MD, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM), containing 10% fetal bovine serum (FBS), 100 U penicillin and 100 U streptomycin at 37°C in a humidified incubator of 5% CO 2 and 95% air.
Short interfering RNA (siRNA) and transfection mGluR1 siRNA (sc-61026, Santa Cruz, CA, USA) and control siRNA (sc-37007, Santa Cruz, CA, USA) were dissolved separately in Optimem I (Invitrogen, CA, USA). After 10 min of equilibration at room temperature, each RNA solution was combined with the respective volume of the Lipofectamine 2000 solution (Invitrogen, CA, USA), mixed gently and allowed to form siRNA liposomes for 20 min. The U87 cells were transfected with the transfection mixture in antibiotic-free cell culture medium for 72 h before glutamate treatment, and subjected to various measurements.
Immunocytochemistry
After being fixed with 4% paraformaldehyde for 15 min at room temperature, U87 cells were washed with NaCl/Pi, permeabilized with 0.2% Triton X-100, and incubated with primary antibodies (anti-mGluR1, 1:100 and anti-mGluR5, 1:100) overnight at 4°C. Cells were then incubated with Alexa 488-conjugated or Alexa-594-conjugated secondary antibodies for 2 h at 37°C, and Hoechst 33342 (10 μg/ml) was used to stain nucleus. Images were captured with an Olympus FV10i Confocal Microscope (Olympus, Tokyo, Japan). All images of one experiment were acquired with the same exposure time to allow comparisons of relative levels of immunoreactivity between the different treatment conditions. At least six images of each group were taken by an evaluator blinded to the experimental conditions.
Cell viability assay
Cell viability assay was performed by using a 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) that can be reduced to purple-coloured formazan by intact cells. After various treatments, cell viability was assessed using the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay Kit (Promega, Madison, WI) according to the manufacturer's instructions. The absorbance was measured with an automatic microplate reader at a wavelength of 492 nm. Results are presented as a percentage of the control.
Lactate dehydrogenase (LDH) release assay
Cytotoxicity was determined by the release of LDH, a cytoplasmic enzyme released from cells, and a marker of membrane integrity. LDH release into the culture medium was detected with a diagnostic kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. Briefly, 50 μl of supernatant from each well was collected to assay LDH release. The samples were incubated with NADH and pyruvate for 15 min at 37°C, and the reaction was stopped by adding 0.4 M NaOH. The activity of LDH was calculated from the absorbance at 440 nm, and background absorbance from culture medium that was not used for any cell cultures was subtracted from all absorbance measurements. The results were normalized to the maximal LDH release, which was determined by treating control wells for 60 min with 1% Triton X-100 to lyse all cells.
TUNEL staining
To investigate the effect of mGluR1 inhibition on apoptotic cell death in U87 cells, TUNEL staining was performed using an in situ cell death detection kit. Briefly, U87 cells were fixed by immersing slides in freshly prepared 4% methanol-free formaldehyde solution in PBS for 20 min at room temperature. The cells were then permeabilized with 0.2% Triton X-100 for 5 min. Cells were labeled with fluorescein TUNEL reagent mixture for 60 min at 37°C according to the manufacturer's suggested protocol (Promega, Madison, WI, USA). Subsequently, the slides were examined by fluorescence microscopy and the number of TUNELpositive (apoptotic) cells was counted. Hoechst 33342 (10 μg/ml) was used to stain the nucleus.
Assessment of the cell cycle U87 cells were treated with control siRNA, mGluR1 siRNA, Riluzole (50 μM) or BAY36-7620 (50 μM) for 24 or 48 h at 37°C. Thereafter, cells were washed, fixed in citrate buffer, and finally incubated for 1 h at -20°C. Cells were next incubated in a glycine/NaCl buffer containing 0.1% Nonidet P-40, 10 μg/ml RNase A, and 40 μg/ml of propidium iodide (PI) for 1 h at 4°C. Cell distribution across the different phases of the cell cycle was detected with a FACScan and analyzed.
Matrigel invasion assays
Invasion assays were performed using Matrigel-coated invasion chambers (BD Biosciences, NJ, USA) in accordance with the manufacturer's protocol. For these experiments, cells were treated with control siRNA, mGluR1 siRNA, Riluzole (10 μM) or BAY36-7620 (10 μM). Thereafter, cells were plated in the upper chamber of rehydrated Matrigel inserts, serum free media at density of 3×10 5 cells/chamber. U87 cells were allowed to invade the Matrigel matrix overnight towards the bottom chamber containing complete culture media with 10% FBS. On the next day, the bottom part of the insert was fixed with paraformaldehyde and stained with DAPI (Vectashield) to visualize the nuclei of invaded cells. Ten random pictures of each insert were taken using a Leica DM IRB microscope at ×20 magnification. The number of invaded cells was counted manually. All invasion assays were performed in triplicates and in at least three independent experiments.
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Cell Tracking U87 cells were cultured in a 35 mm dish overnight. The growth medium was changed to Ringer's solution supplemented with 5% calf serum 2 h before recording, and cells were maintained at 37°C throughout the experiment. The random migration of the cells was recorded with a phase contrast microscope, and traces and migration speed of migrating cells were analyzed with the Meta Morph software (Molecular Devices, CA, USA).
Western blotting
Equivalent amounts of protein (60 μg per lane) were loaded and separated by 10% SDS-PAGE gels, and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked with 5% nonfat milk solution in tris-buffered saline with 0.1% Triton X-100 (TBST) for 1 h, and then incubated overnight at 4°C with the primary Pro-PARP, Cleaved-PARP, Pro-caspase-3, Cleaved caspase-3, cyclin D1, CDK 4, p-PI 3 K, PI 3 K, p-Akt (Ser473), p-Akt (Thr308), Akt, p-mTOR, mTOR, p-P70S6K, P70S6K, PTEN or β-actin antibody dilutions in TBST. After that the membranes were washed and incubated with secondary antibody for 1 h at room temperature. Immunoreactivity was detected with Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA). An analysis software named Image J (Scion Corporation) was used to quantify the optical density of each band.
Hematoxylin and eosin staining
Isolated organ tissues were fixed in formalin and embedded in paraffin. Five micrometer sections were cut and stained with H&E. All sections were evaluated by an independent observer, who was blinded to the grouping and experimental protocols 
Statistical analysis
Statistical analysis was performed using SPSS 16.0, a statistical software package. Statistical evaluation of the data was performed by one-way analysis of variance (ANOVA). A value of P < 0.05 was considered statistically significant.
Results
Anti-cancer effects of mGluR1 inhibition in U87 cells
To investigate the role of mGluR1 in regulating cell growth in human glioma cells, U87 cells were transfected with specific mGluR1 targeted siRNA (Si-mGluR1) or a nonslicing control siRNA (Si-control), after which the expression of mGluR1 and mGluR5 were examined by western blot analysis (Fig. 1A) . The mGluR1 expression was inhibited by SimGluR1 compared to Si-control, but the expression of mGluR5 was not altered. We also detected the expression of mGluR1 and mGluR5 by fluorescence staining (Fig. 1B) , and the level of mGluR1 protein was significantly decreased by Si-mGluR1 transfection. However, the expression level and distribution of mGluR5 were unaffected by Si-mGluR1 transfection. In addition, we also treated U87 cells with Riluzole (Ril) and Bay 36-7620 (Bay), two selective mGluR1 antagonists, and the biological function of mGluR1 was measured by cell viability and LDH release assays after siRNA transfection and antagonist treatment. As shown in Fig.  1C and 1D, mGluR1 inhibition markedly decreased cell viability but increased LDH release in human glioma U87 cells, although mGluR1 antagonists were not effective at 10 and 20 μM in LDH assay (P > 0.05). Temozolomide (TMZ) at 400 μM was used as a positive control.
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Inhibition of mGluR1 induces apoptosis in U87 cells
To determine whether the anti-cancer effect of mGluR1 inhibition was due to inducing apoptotic cell death, U87 cells was transfected with Si-mGluR1 or treated with mGluR1 inhibitors (Riluzole 50 μM or BAY36-7620 50 μM). As shown in Fig. 2A , TUNEL staining was used to detect apoptosis, and the results showed that both mGluR1 inhibitors and mGluR1 knockdown significantly increased the apoptotic rate in U87 cells (Fig. 2B) . We also detected the activation of PARP and caspase-3, two pro-apoptotic factors, by western blot analysis (Fig. 2C) . The results showed that the expression of cleaved PARP and cleaved caspase-3 were both increased by Riluzole or BAY36-7620, whereas the expression of pro-PARP and pro-caspase-3 were not altered as compared to control group (Fig. 2D) . A similar result in pro-PARP, cleaved-PARP, pro-caspase-3 and cleaved caspase-3 expression after mGluR1 knockdown compared with Si-control transfected group was also observed (Fig. 2D) .
Inhibition of mGluR1 induces G1 cell cycle arrest in U87 cells
The percentage of cells in individual cell-cycle phases was assessed after mGluR1 knockdown or incubation with mGluR1 inhibitors. Representative histograms at 24 h and 48 h are shown in Fig. 3A and 3B . A marked decrease of the cell fraction with fully replicated DNA (G2/M) occurs within 24 h after Riluzole or BAY36-7620 addition. This corrected with an increased proportion of cells in the G0/G1 phase of the cell cycle (Fig. 3A) . After 48 h of mGluR1 inhibitors incubation, a significant fraction of U87 cells accumulated in the subG1 phase together with a drastic reduction of the percentage of cells in the G2/M phase of the cell cycle (Fig. 3B) . A similar result in cell cycle distribution after mGluR1 knockdown compared with Si-control transfected group was also observed. In addition, we also detected the expression of cyclin D1 and CDK4, two important cell cycle regulatory proteins, by western blot analysis ( Fig. 3C and 3D ). As expected, we observed that mGluR1 inhibition by both mGluR1 inhibitors and siRNA transfection significantly decreased the expression of cyclin D1 and CDK4.
Inhibition of mGluR1 regulates invasion and migration in U87 cells
We next used the Matrigel invasion assay with serum as a chemo-attractant to explore the role of mGluR1 in glioma cell invasion (Fig. 4A) . As shown in Fig. 4B , silencing of mGluR1 by specific siRNA transfection potently reduced the invasion of U87 cells. Treatment with Riluzole or BAY36-7620 also decreased the ability of U87 cells to invade the Matrigel matrix in the range of 53-61% (Fig. 4B , P < 0.01). In addition, we also detected the cell migration using live-cell tracking assay (Fig. 4C) . The results showed that si-mGluR1 transfection significantly decreased the migration speed of U87 cells by ~50% as compared with control siRNA transfected cells (Fig. 4D) . A similar result was also observed in Riluzole or BAY36-7620 treated U87 cells compare to control cells.
mGluR1 agonist reverses anti-cancer activity of mGluR1 inhibition
To determine whether the results observed in our study were due to the inhibition of mGluR1 receptor activity, U87 cells were stimulated with the selective mGluR1 agonist, L-quisqualic acid (10 μM), either in the presence or absence of inhibitors treatment and siRNA transfection. The results showed that treatment with L-quisqualic acid partially nullified mGluR1 inhibition induced anti-cancer effects in U87 cells, as evidenced by increased cell viability (Fig. 5A) , decreased LDH release (Fig. 5B ) and apoptotic cell death (Fig. 5C ), although there was no significant differences in LDH release in Riluzole treated and Si-mGluR1 transfected cells. We also measured the percentage of cells in G1 and sub G1 cell-cycle phases at 24 h and 48 h, and the results showed that L-quisqualic acid treatment significantly decreased the percentage of cells in G1 and sub G1 at both 24 h and 48 h induced by mGluR1 inhibition (Fig. 5D and 5E) . A similar result in cell invasion was also observed (Fig. 5F ).
Effects of mGluR1 inhibition on the activation of PI3K/Akt/mTOR signaling
We then tested whether treatment with Riluzole or BAY36-7620, or transfection with mGluR1 targeted siRNA could induce inhibition of PI 3 K activity in U87 cells by western blot analysis (Fig. 6A) . After various treatments, cell lysates were immune -precipitated with phosphorylated or total PI 3 K antibody, and U87 cells showed significantly inhibited phosphorylation of PI 3 K after mGluR1 blocking (Fig. 6B) . The inhibition of PI 3 K in U87 cells after mGluR1 inhibition resulted in inhibition of Akt, which is one of the major downstream targets of PI 3 K. As expected, antagonists treatment or siRNA transfection successfully Fig. 7 . Anti-tumor effect of mGluR inhibition in U87 xenograft glioma model. The mice were intraperitonealy treated with Riluzole (10 mg/kg) or BAY36-7620 (10 mg/kg) every day for 30 days. After the experiment, animals were sacrificed and the organs were fixed in formalin overnight and processed for paraffin embedding. The paraffin-embedded blocks were sectioned and stained by hematoxylin and eosin (A). The athymic nude mice were treated with mGluR1 inhibitor Riluzole (Ril, 10 mg/kg) or BAY36-7620 (Bay, 10 mg/kg) by intraperitoneal administration every day following U87 cell injection, and the tumor volume was monitored from 6 to 30 days later (B). The athymic nude mice were injected with Si-mGluR1 transfected U87 cells or Si-control transfected U87 cells, and the tumor volume was monitored from 6 to 30 days later (C). The data was represented as means ± SD from six experiments.
* p < 0.05 vs. Control group. # p < 0.05 vs. Si-control group. inhibited phosphorylation of Akt at both Ser473 and Thr308 residues. Also, mGluR1 inhibition decreased the expression levels of phosphorylated mTOR and P70S6K, one of the best characterized targets of mTOR complex, whereas the total protein levels of these two molecules were not altered (Fig. 6B) . In contrast, the expression of PTEN was not changed by antagonists treatment or siRNA transfection. All these data provided strong evidence that activation of PI 3 K/Akt/mTOR pathway was suppressed after mGluR1 inhibition.
Anti-tumor effect of mGluR inhibition in U87 xenograft glioma model
To determine the tumor growth inhibition effects of mGluR1 inhibition in vivo, we first detected the cytotoxic effects of Riluzole and BAY36-7620 on normal tissues. As shown in Fig.  7A , mice were intraperitonealy treated with Riluzole (10 mg/kg) or BAY36-7620 (10 mg/ kg) every day for 30 days, and H&E staining of the organs collected form our experiments suggested no major organ related toxicities (Fig. 7A) . We used an U87 xenograft model in which tumor-bearing mice were treated with 10 mg/kg Riluzole or 10 mg/kg BAY36-7620 by intraperitoneal administration every day after U87 cell injection, and the tumor volume was monitored from 6 to 30 days later. As shown in Fig. 7B , statistical differences in tumor volume were observed between mGluR1 antagonists group and control group from 22 to 30 d. We also used another strategy, in which the athymic nude mice were injected with Si-mGluR1 transfected U87 cells or Si-control transfected U87 cells, and the tumor volume was monitored from 6 to 30 days later (Fig. 7C) . The results showed that the average tumor volume in Si-mGluR1 group was significantly smaller than the Si-control group.
Discussion
There are two major findings from this study: (1) identification of mGluR1 as a potential therapeutic target for the treatment of human gliomas, as evidenced by cell viability, apoptosis, cell invasion and migration assays, and (2) discovery of the molecular mechanism underlying mGluR1 inhibition induced anti-cancer effect that mediated by PI 3 K/Akt/mTOR pathway. These conclusions are supported by using selective mGluR1 antagonists Riluzole and BAY36-7620, as well as gene silencing experiments performed with siRNA constructs. They are also corroborated by independent measurements of in vivo tumor growth using an U87 cell xenograft model.
Signaling through mGluRs and downstream signaling cascades play important roles in the CNS, but it has not been determined whether dysregulation of the activity of these receptors can lead to growth and progression of cancer. In contrast to iGluRs, which mediate direct and fast information transfer at postsynaptic density, mGluRs either tune neuronal excitability at the postsynaptic level or control neurotransmitter release at presynaptic area [21] . There is a growing body of evidence showing that mGluRs activated by endogenous glutamate are involved in the regulation of both excitatory and inhibitory neurotransmission, thereby modulating network activity, with obvious implications for high brain functions [22, 23] . Moreover, targeting iGluRs by using selective agonists and antagonists or using gene silence can only alleviate symptoms for a few CNS disorders, and none of these drugs has been successfully transformed into clinical practice, which might be explained by their side effects on other signaling cascades, such as intracellular calcium metabolism, protein kinase system activities and opening of other cation channels [24] . Thus, mGluRs might be an ideal therapeutic target for the treatment of neurological disorders, including brain tumors.
Given that mGluR1 is actively involved in the regulation of normal cellular activity and synaptic plasticity, orthosteric and allosteric modulation of the receptor is considered to be of potential therapeutic interest for many indications [5, 25] . Molecular antagonist intervention at mGluR1 has been demonstrated to be effective in many neurological disorders, such as stroke, brain trauma, epilepsy, anxiety, drug addiction and neurodegeneration [26] . Antagonists of mGluR1 can be divided into two groups: the glutamate derived selective competitive antagonists and the negative noncompetitive mGluR1 modulators (allosteric antagonists) [27, 28] . The natural consequence of competitive antagonists, the structural similarity to the endogenous agonist glutamate, is the difficulty in making highly subtype selective glutamate antagonists, with unsurprising side effects on mGluR5, group II or Group III mGluRs [25] . The identification of nonglutamate binding mGluR1 allosteric modulators, such as BAY36-7620 and Riluzole, improves the chances of identifying mGluR subtype selective molecules with better drug-like properties [29] . BAY36-7620 is a potent, noncompetitive mGluR1 antagonist, and inhibits >60% of mGlu1a receptor constitutive activity without displacement of the [ 3 H]quisqualate binding from the glutamate-binding pocket [30] . The specific site of action of BAY36-7620 differs from that of competitive antagonists and it has been widely used to delineate the functional importance of the mGluR1 with its putative agonist-independent activity [31, 32] . Importantly, Riluzole is an FDA-approved orally available drug that is commonly used for the treatment of amyotrophic lateral sclerosis (ALS) [33, 34] . In the present study, BAY36-7620 and Riluzole were used to determine the role of mGluR1 in human gliomas, and these two compounds were demonstrated to inhibit proliferation, invasion and migration of U87 cells in vitro, and also alleviated tumor growth in vivo, which was consistent with previous reports on melanoma progression [35, 36] . Using these orally available drugs and the in vivo experiments are of great relevance to clinical practice.
The PI 3 K-Akt-mTOR pathway is crucial to many aspects of cell growth and survival, in physiological as well as in pathological conditions, including cancer [37, 38] . PI 3 K constitutes a lipid kinase family characterized by the capability to phosphorylate inositolring 3'-OH group in inositol phospholipids [39] . It can recruit a subset of signaling proteins with pleckstrin homology domains to the cellular membrane, such as Akt/protein kinase B (PKB), which regulates the expression of several downstream proteins involved in cell survival and cell cycle progression [40] . Activation of PI 3 K and Akt are reported to occur in ovarian, thyroid, breast, glioma and pancreatic tumor cells [41] . Through generating the second messenger phosphatidylinositol-3,4,5 -trisphosphate (PIP 3 ), PI 3 K indirectly activates the protein kinase mTOR, which contains a PI 3 K homology domain that suppresses apoptosis, promotes growth and drives proliferation. The mTOR kinase exists as a component of two distinct protein complexes: the mTORC1 complex phosphorylates substrates S6K at Thr389 and EIF4E at Ser209, while the mTORC2 complex itself phosphorylates Akt at Ser473 [42] . Based on these findings, the PI 3 K/Akt/mTOR pathway is believed to be a promising therapeutic target for the treatment of cancer, and small molecules that inhibit one or more of these kinases are now being introduced into the clinic and may have some activity [43, 44] . For example, TGF-β increased COX-2 levels and PGE 2 secretion in prostate cancer cells which, in turn, mediate TGF-β effects on cell migration and invasion through the activation of PI 3 K/AKT/ mTOR pathway [45] . Thioridazine, a well-known anti-psychotic agent was found to induce apoptosis by targeting the PI 3 K/Akt/mTOR pathway in cervical and endometrial cancer cells [46] . Moreover, the PI 3 K/Akt/mTOR pathway was shown to be regulated by mGluR1 in neuronal cells, and the role of group I mGluRs in neuronal injury was demonstrated to be mediated by PI 3 K/Akt signaling [10, 11, 47, 48] . In the present study, we found that inhibition of mGluR1 by inhibitors or gene knockdown inhibited the phosphorylation of PI 3 K, Akt and mTOR, which was companied by decreased phosphorylation of p70S6K, a target protein of mTOR. All these data indicated that the anti-cancer effect of mGluR1 inhibition was at least partially dependent on the decreased activation of PI 3 K/Akt/mTOR pathway.
There are several agents targeting PI 3 K/Akt/mTOR pathway in clinical development, but most of these compounds are currently in phase I trial [49] , which might be explained by the fact that blocking this signaling is often linked to different negative feedback loops. One is the increased expression of receptor tyrosine kinases, such as platelet-derived growth factor receptors (PDGFRs) and insulin receptor substrate-1 (IRS-1), resulting in increased PI 3 Kdependent Akt phosphorylation at Ser473, and another is the PI 3 K-Ras activation, which leads to an increase in mitogen-activated protein kinases (MAPKs) signaling [50, 51] . These effects attenuate the therapeutic effect of PI 3 K/Akt/mTOR inhibitors in cancer therapy, and these issues were not fully investigated in our present study. In addition, inhibition of
